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Introduction
Spinel ferrites are one of the most important classes of magnetic materials that possess a multitude of technological applications such as electronic industries and information and communication technology. The uses of ferrites in many other areas are also constantly increasing. The utility, variety, and versatility make them very useful and indispensable.
Despite these applications, many other technological advances in a variety of areas have generated a growing demand for soft magnetic materials in many technical devices. Spinel ferrites enjoy a good combination of magnetic and insulating characteristics. They, generally, form a complex system comprised of grains, grain boundaries and pores. Physical and chemical properties of spinel ferrites also rely on other factors including the synthesis conditions, sintering temperatures, sintering time, rate of heating and cooling, and composition of the materials. They are preferred because of their high permeability and saturation magnetization in the radio-frequency (RF) region, electrical resistivity, mechanical hardness and chemical stability [1] . Ferrites are also efficient in obstructing and removing RF interference to audio systems [2] . It is to be noted that, in the recent past, a large number related researches have been carried out by different groups [3] [4] [5] [6] and the references cited therein.
Over the years, the technology has been changing very quickly, and there has been an increasing need for the developing, controlling and diversification of electronic materials.
Conductive natures of ferrites can meet this rapidly changing technology. Due to this large electrical resistivity, an applied alternating magnetic field will not induce eddy currents in ferrite materials which make ferrites ideal candidates for high frequency applications. Mixed Ni-Zn ferrites have been commercially utilized in radio frequency circuits, high quality filters, high resistive devices and transformer cores [7] . Relatively low permeability and higher bulk resistivity of Ni-Zn ferrites have found useful applications at high frequencies [8, 9] . The magnetic and dielectric behaviors of these ferrites depend on the distribution of these ions on tetrahedral and octahedral sites. The magnetization of either site can be reduced relative to the other one by replacing a non-magnetic ion such as Zn +2 in the corresponding site. The majority of technologically efficient materials having magnetic behavior like iron and soft magnetic alloys have low electrical resistivity which is not competent for high frequency applications. Due to the low electrical resistivity, a large amount of eddy currents were generated within the materials and thereby produced heat and waste energy [10, 11] , which results to a poor materials performance.
Spinel based modern soft ferrites show various fascinating properties depending on their structural composition and cationic distributions [12] . Spinel ferrites are composed of two sub-lattices: tetrahedral, A-sites and octahedral (B-sites). In Ni-Zn ferrites, Ni and Zn ions display sturdy preferences for B-and A-sites, respectively, but cationic replacements in the A-and B-sites can, generally, effectively improve their properties. The cationic replacement in these materials causes the redistribution of metal ions around A-and B-sites, as well as structural and surface morphological changes to their crystalline phase which results to substantial improvements in the magnetic and electrical properties [13] [14] [15] [16] [20, 21] .
Despite the fact that diamagnetic dopants in mixed ferrites play a great role in revising the crystalline structure and other properties of ferrite based materials, the mechanism associated with the enriched magnetic behavior is not clearly understood. Furthermore, structural studies of Al-substituted Ni-Zn ferrites via infrared spectrometry are very scant whereas the production of high quality ferrite particles with lower costs and low losses at high frequency for power applications is always a topic of study. Electrical properties of these materials provide us substantial information about the localized charge carriers that offer better realization of the dielectric behaviors while the Curie temperature and permeability studies contribute to understand the magnetic phenomenon associated in the presence of external alternating magnetic fields. Thus, extensive studies are needed to synthesize Ni-Zn ferrite particles with improved structural, magnetic, dielectric, transport and electrical properties.
With this in mind, the present study is focused on investigating the structural features Ni-AlZn ferrites via XRD, SEM, and FTIR spectroscopy, and incorporating them with the magnetic, dielectric and electrical properties. 
Structural features and surface morphology
Structural identification and phase analysis of the ferrite particles were carried out by XRD studies using Phillips X'Pert PRO X-ray (PW3040) diffractometer. The infrared spectra for all the samples were recorded with FTIR spectrophotometer (Shimadzu FTIR Prestiage21) using KBr pellets in the wave number range of 2000-400 cm -1 .
Magnetic and dielectric properties of Ni-Al-Zn ferrites
The measurement of the permeability and Curie temperature of the toroidal samples were performed by Wayne Kerr 6500B Impedance Analyzer (Wayne Kerr Electronics Inc., USA).
Pellet shaped sample of the Ni-Zn ferrite were made for the measurement of electrical as well as dielectric behaviours. Dielectric constant (ε΄) and resistivity of the as prepared Ni-Zn ferrite samples was measured by HP impedance analyzer. Dielectric constants at varied frequency in the range of 0 -10000 Hz were also performed at room temperature with the help of a laboratory made furnace.
Electrical properties of Ni-Al-Zn ferrites
The ac electrical resistivity measurements of the ferrite particles were conducted using 6500B
Precision Magnetics Analyzer in the frequency range of 0 to 1000 Hz at a drive voltage of 0.5V at room temperature.
Results and discussion

XRD analysis
Structural characterizations and phase identification of Ni-Zn ferrites were carried out using the XRD technique via a Philips X'Pert Pro X-ray diffractometer. The Philips X'Pert Pro Xray diffractometer uses Cu-Kα radiation (λ = 1.5406 Ǻ). XRD patterns of Al-substituted NiZn ferrites sintered at 1200°C have been presented in Figure 1 . Single-phase cubic spinel structures of Ni-Zn ferrite particles were confirmed for all the samples. All the Ni-Zn ferrites display excellent crystallization together with well-defined diffraction lines. Five major diffraction peaks appeared at different planes of (220), (311), (400), (511) and (440) which is consistent with a spinel structure (JCPDS #08-0234). The appearance of these planes confirmed the existence of cubic spinel structures of Ni-Zn ferrite powers described in Ref. [22] . A single secondary phase detected at 2θ = 27.3° might have originated from a hematite (α-Fe2O4) phase (identified as H). It is also believed that the formation of this secondary phase is a consequence of the preferential loss of Zn +2 ions during the sintering process. This is due to the fact that Zn is more volatile and at a lower Al-substitution in some ferrite and hematite samples, a few peaks are superimposed while at higher concentration these peaks are well resolved. This happens because the higher melting point of aluminum results in the incomplete conversion of Fe2O3 particle into ferrite phases [23] . This variation in the lattice parameters can be also explained by the cation distribution: due to covalence effects, Zn 2+ ions on the A-sites display a smaller ionic radius than on the B-sites.
As a result, Al 3+ ions possess a strong tendency to stay at tetrahedral B-sites by the replacement of Fe 3+ ions at octahedral A-sites. It is also assumed that the smaller Al 3+ ions result shrinking the Ni-Zn unit cell but the overall crystal symmetry is preserved. Similar phenomenon of lattice parameters of Al-substituted Ni-Zn ferrites were reported in an earlier study [25] . The porosity of Al-substituted Ni-Zn ferrites was calculated using the following equation, = (1 − ), where dB is the bulk density obtained from the usual mass and dimensional consideration of the ferrite structures whereas X-ray density, dx is defined as, Table 1 it is seen that the bulk density values are lower than the X-ray densities and the porosity of the as deposited Ni-ZnAl ferrites and is gradually increased with the subsequent Al-substitution. This lower bulk density is related to the existence of pores, which were originated and developed in the course of heat treatment.
SEM and EDX analysis
The SEM was used to inspect the surface morphology of specimens at high magnification.
Representative micrographs showing the surface morphology of Ni-Zn-Al ferrites with different Al-content are demonstrated in Fig. 2 . SEM studies indicated that the average grain size of Ni-Al-Zn ferrites decreases with the increase of Al 3+ -content. This leads to the fact that, as the Fe 3+ ions are substituted by Al 3+ ions, the potential changes in lattice parameter leads to the lattice strains. Consequently, internal stress is developed onto the ferrites samples that hinders the grain growths. Thus, the grain sizes of the Al-substituted Ni-Zn ferrites is reduced [21] . The elemental compositions of the Ni-Al-Zn ferrites determined by energy dispersive X-ray spectroscopy (EDX) are presented in Table 2 . Estimated content (%) of the elements Zn, Ni, Al and O shown in Table 2 confirms that the ferrite samples are nonstoichiometric.
FTIR analysis
The FTIR analysis of Ni-Zn ferrites with progressive Al-substitution in the wave number range of 400 to 700 cm -1 shown in Figure 2 , was carried out to acquire the structure information and to study the existence of chemical substances absorbed around the surface of the ferrite samples. As seen from Figure 2 , bands detected at ν1 ~ 590-594 cm -1 and ν2 ~ 400- Table 3 . The existence of T-and O-bands in these wave number ranges confirms the development of the spinel phase of Ni-Zn ferrites which are an indication of the tetrahedral and octahedral structures as reported in the literature [26] . The high frequency absorption band ν1 is attributed to the intrinsic stretching vibrations of the A-O-A bonds, while the lower frequency band ν2 is ascribed to the metal stretching vibrations of the B-O-B bonds [27] . With the gradual increase in Al-substitution, both bands were slightly shifted towards the higher wave number sides. This is assumed to be due to the adjustment in the occupation of the cations in A-, and B-sites. Since the change in bond length is inversely related to the band frequency shift [28] , consequently, the rise in absorption band frequency is associated with the reduction in A-, and B-bond lengths. Similar feature of pure expansion of the absorption bands associated with the cation distribution among A-and B-sites, i.e., the formation of inverse spinels was reported in previous study [29] .
3.4
Permeability studies Figures 3 and 4 show that the complex initial permeability (µ * = µ'-i µ'', where µ' and µ'' are the real and imaginary parts of initial permeability [30] ) of Al-incorporated Ni-Zn ferrites, as a function of frequency, in the frequency range of 10 kHz to 10 MHz. The µ' characterizes the energy deposited in the magnetic material from an external magnetic field, whereas the µ'' denotes the energy loss of the material. As observed in Figure 3 , as the frequency is gradually increased, initial permeability values remained fairly invariant up to 1 MHz until the appearance of ferrimagnetic resonance and it then reduces at higher frequencies. The ferrimagnetic resonance occurs at a frequency known as the resonance frequency fr, the regulating frequency of a ferrite material, below which the ferrite sample can be utilized [31] .
Both the real and imaginary part of complex initial permeability is decreased after subsequent substitution with Al 3+ ions. At the same time, the magnitude of the resonance frequency of Ni-Zn ferrites is increased as the Al-content is increased. This essentially shows that, the appropriate substitution of Al 3+ ions onto the Ni-Zn ferrites can drive the magnetic permeability to a higher operating frequency, suggesting them to be promising candidates for applications to high-frequency devices. Initial permeability, μi of ferrites is defined by [32] :
, where Ms is the saturation magnetization, D is the average crystallite size, and K1 is the anisotropy constant. The variation in μi is mainly triggered by the differences in the crystallite sizes and magnetocrystalline anisotropy constants of ferrite particles. Generally, the anisotropy constants depend on the nature and the amount of the substitutions. Since, the anisotropy constant varies with the change in Fe 2+ ions concentration, the gradual increase in Al-content, the number of Fe 3+ ions available to interact with the Ni 2+ ions and formation of Fe 2+ ions is reduced. As a result, the permeability is gradually declined with the substitution of Al-content. Table 1 indicates that the bulk density of Ni-Zn ferrites decreases with the increase in Alcontent, and as a result, the grain sizes of the samples should also decrease and thereby a decline is permeability is to be expected. It is established that the permeability values of polycrystalline ferrites is associated with the combination of two mechanisms: spin rotation and domain wall motion [33, 34] . Grain size lowering results in a reduction of permeability and a lower contribution from the domain walls, while the density reduction of the material is correlated to a lower contribution from domain wall displacement. Apart from crystallite size, the existence of pores also influences the initial permeability. Pores, generally, impede the domain wall motion by trapping them around; consequently, the volume swept by the domain walls in the presence of applied magnetic field is reduced. As a result the initial permeability values are lowered [35] .
The permeability values of ferrite particles strongly depend on the number of Fe 3+ ions in the B-sites. In Ni-Zn ferrites, the Al 3+ ions which entered into the B-sites are replaced for Fe 3+ ions. As a consequence, the saturation magnetization is reduced, thereby decreasing the permeability of the Ni-Zn ferrites, because the initial permeability is proportional to the square of saturation magnetization. It is also believed that as the Al is added to Ni-Zn ferrites, it forms aluminium iron oxides and segregates around the grain boundaries pining at the domain wall. As a result, domain wall energy is enlarged and the permeability values are reduced [36] . Furthermore, the intragranular pores may be the cause of the pining of the domain walls that result to drop of magnetic behaviours of Ni-Zn ferrites [37] .
Curie temperature studies
The Curie temperature data of Al-substituted Ni-Zn ferrites estimated from permeability measurements are shown in Figure 5 and Table 4 . From Figure 5 and Table 4 
Q-factor of Ni-Zn ferrites
Variations of the relative Q-factor of Al-substituted Ni-Zn ferrites as a function of frequency are shown in Figure 6 . Figure 6 shows the relative Q-factor gently rising up with the rise in frequency reaching to a highest value at a particular frequency, fr = 1.1 MHz and then decreasing linearly with the further increase in frequency. It also shows that at lower and higher frequency regions, the relative Q-factor does not show any remarkable changes with the subsequent increase in the substituent content while at the mid frequency range it reduces monotonically with the continuous increase in Al-content. On an analysis of the frequency response Q-factor data, an ideal frequency range can be seen at which these materials exhibit superior device performance with lower energy loss. It is established that for low frequency applications, materials with low Q-factor execute superior filters performances which are used to reduce undesirable oscillations and the high frequency content of rapidly passing signals. They are well-known as reducing ringing at high frequency applications. Usually, in ferrites the loss tangent is associated to various domain defects, hysteresis loss, eddy current loss, and residual loss [39] . Generally, the eddy current losses in ferrites can be successfully reduced by increasing the resistivity, while the hysteresis loss and residual loss can be decreased by eliminating possible impurities in the precursor materials and minimizing the domain wall relaxation, respectively [40] . All these factors become operative when the real part of initial complex permeability starts to fall around the resonance frequency [41] . At resonance condition, the maximum energy is transferred from the external magnetic field to the crystal lattice, consequently there is a sharp drop in relative Q-factor. The highest Qfactor of 5900 was recorded for the undoped Ni-Zn ferrites.
Loss tangent of Ni-Zn ferrites
The variation of loss tangent of Al-substituted Ni-Zn ferrites with frequencies is shown in Figure 7 . From Figure 7 , it is seen that the loss tangent declines rapidly at lower frequency regions whereas at the high frequency sides the loss tangent become almost frequency independent. It is clearly seen that loss tangent values of Ni-Zn ferrites decrease with the increase in frequency and display normal dispersion behaviour in the low frequency regions.
This phenomenon can be shown on the basis of the space charge polarization concept:
ferrites comprising of conducting grains are differentiated by exceedingly high resistive grain boundaries [42] . The resulting peaks are due to more than one equilibrium position of the metallic ions such as two adjacent octahedral sites around spinel phase. These octahedral sites have the same potential energy differentiated by a potential wall which generates a possibility for the ions to pass through from one equilibrium site to another [43] . Accordingly, it's possible for ions to exchange their locations between the two equilibrium states with a certain specific frequency known as the natural frequency of jump between these states. Similar results were reported in earlier studies with Al 3+ -substituted spinel ferrites [44] [45] [46] . It is also established that higher loss tangents at lower frequency sides arises due to the interfacial type of polarization [47] . This is because the high resistive grain boundaries are effective at low frequencies, and a greater amount of energy is essential for the electron transfer between the Fe 2+ and Fe 3+ ions and a high loss is expected. However at high frequency regions, generally, the losses are lower due to the hindrance of domain wall motion and the magnetization is forced to change by rotation [48] . The reduction of loss tangent at higher frequencies is also related to the relaxation phenomena of the magnetization of domain walls [49] becomes equal to the frequency of the applied electric field that is the maximum amount of energy is transported to the electrons [51, 52] .
In ferrite materials, the dielectric loss arises because of the lag in polarization with respect to the external electric field. When the frequency of the applied field corresponds to the hopping frequency of the charge carriers, the greatest amount of energy is imparted to the vibrating charge carriers and a sharp peak is detected. It is also known that in ferrites the loss tangent arises from the non-uniform domain wall movements, domain defects, variations in flux densities and domain wall extinctions [53] . The loss tangent characterizes the energy loss within the dielectric medium at different frequencies and is the central part of the total core loss in ferrite materials. This means for low core loss, low dielectric losses are required in real life applications of these samples [54] .
AC resistivity of Ni-Zn ferrites
AC resistivity data of Al-substituted Ni-Zn ferrites, conducted in the frequency range of 1 kHz to 10 3 kHz at room temperature, are shown in Figure 8 . It is evident that the ac electrical resistivity of Al-substituted Ni-Zn ferrites is gradually decreased with the rise in frequency of the applied ac electric field and progression of Al-content, and at high frequency sides become fairly invariant. All the curves exhibit substantial dispersion with the change in frequency, which is an important characteristic of ferromagnetic materials. We conclude that at low frequency regions these ferrites exhibit a lower eddy current loss due to the fact that resistivity of ferrites is inversely proportional to the eddy current loss. The increase in frequency boosts the hopping frequency of charge carriers and thereby causes an increase in the conduction process. As a result of the improved conduction process, the resistivity is significantly reduced. 
Conclusions
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